INTRODUCTION
Mate finding can be a challenging aspect of lifehistory for sexually reproducing species that live at low population densities. Deep-sea fish are likely to provide examples of this, given that the low food availability in the deep sea generally constrains species biomass to very low densities (Herring 2002) . This paper will focus on 2 inter-related methods of mitigating this challenge in deep-sea fish: (1) motility and (2) bioluminescent signalling.
In the dark of the deep sea, in the absence of selfgenerated light, the distance at which one member of a species can detect the presence of another member of the same species visually is likely to be less than 1 m (Denton 1990 , Johnsen & Sosik 2003 . Detection via the lateral line system is likely to be even more spatially constrained (Denny 1993) . Underwater acoustic signals may be difficult to localise (Denny 1993) . Hence, the 2 (non-exclusive) most commonly considered means by which longer-range detection could occur are via the emission and detection of either bioluminescent or chemical signalling. We follow Herring (2000) in focussing on the first of these.
Herring (2000) provides a recent summary of our understanding of the role of bioluminescent signalling as a means of mate detection in the deep sea. As he points out, there is no direct and unequivocal evidence that any deep-sea species uses bioluminescent signalling for this purpose. However, there are many ABSTRACT: We present a model to estimate the mean time required for mate finding among deepsea fish as a function of motility and the extent of bioluminescent signalling. This model differs from those of previous works in 3 important ways by including (1) sex differences in motility, (2) a maximum detection range of bioluminescent signals derived from a recently published mechanistic model based on physical principles and the physiology of vision, and (3) a novel consideration of the likelihood of individuals passing within detection range only in the interval between flashes and hence, failing to detect the signaller. We argue that the flash rates required for effective detection are low, with rates of less than 1 per minute being entirely plausible, and that predation pressure may further encourage low flash rates. Further, even at high flash frequencies, the energetic cost of bioluminescent signalling is argued to be a trivial fraction of resting metabolic rates. Using empirically derived estimates for parameter values, we estimate that a female will be detected and reached by a male within 2 to 4 h of beginning to signal. Hence, we argue that mate finding may not seriously restrict reproductive success in species that can exploit this signalling system. We further argue that where male motility allows bioluminescent signalling, this may have some advantages over chemical-based signalling. Bioluminescent signalling may, therefore, be more important to mate finding in the deep sea (relative to chemical signals) than some previous works have suggested.
KEY WORDS: Bioluminescence · Mating · Predation · Mid-water fish · Olfaction
Resale or republication not permitted without written consent of the publisher large gaps in our understanding of the ecology of the deep sea (e.g. Herring 2002 ) and much circumstantial evidence that the bioluminescent organs that are widespread in deep-sea fish have a sexual function, a conclusion generally based on sexual dimorphism in the existence or size of the organs (see Herring 2000 for an overview). Herring (2000) estimates average nearest neighbour distances for a variety of deep-sea fish species of between 0.5 and 24 m. He argues that his methods will tend to underestimate these distances, but even at face value, many of these distances are likely to be beyond the maximum detection range of bioluminescent flashes (which he estimates to be of the order of 10 m). His conclusion from this comparison is that bioluminescent signals cannot be the primary means by which mate discovery is achieved, but rather that 'these signals are employed at intermediate ranges, once an initial contact (perhaps olfactory) has been made'. Whilst the scenario of long-range detection by chemical means followed up by closer range bioluminescent signalling is entirely plausible, we do not feel that Herring's arguments should lead us to conclude that such a scenario is inevitable, and hence that bioluminescence is destined to be only the handmaiden to chemical signalling.
Herring's arguments are most compelling if individuals are effectively motionless in the absence of having detected a signal from a potential mate. However, if the ecology of a species is such that individuals are in motion (relative to the water around them, either in search of food or mates), then average nearest neighbour distances do not tell the full story. When in motion, individuals may periodically come very close to each other as a result of their relative motion, even though on average they are often far away from each other. Hence, as Herring (2000) acknowledges, a full evaluation of the importance of bioluminescence for mobile animals like fish requires a dynamic model that considers temporal changes in the distances between individuals. This paper will present and explore such a model. Herring (2000) pointed to previous work of Baird & Jumper (1995) as providing a suitable methodology for studying the interaction rates of moving fish. This model assumes that both males and females move at random in 3 dimensions at an average individual speed v. Implicitly, this model considers midwater fish, far from any landmark features provided by the bottom. Hence, a stationary fish is stationary with respect to the water around it, although this water may experience large-scale bulk movement through oceanic circulation. As an individual moves through the water, it can be imagined as creating a tube around it, centred on the trajectory of the animal and with a constant radius R, which is the maximum distance at which individuals can detect each other. If the focal individual's tube envelops another individual, then the focal individual detects that individual. This model can be used to produce a simple expression for the probability that the focal individual will have discovered another individual within some specified time. Baird & Jumper (1995) used this to explore the likely importance of bioluminescent signalling for the mesopelagic hatchetfish Sternoptyx diaphana. Their most important finding was the highly non-linear relationship between detection probabilities and the maximum detection radius R.
Here, we will take their methodology and develop it in a number of significant ways. Baird & Jumper (1995) assumed that both sexes moved, whereas game theory models of intra-and inter-sexual conflict in the evolution of mate-attraction signals suggest that only one sex is likely to signal and remain motionless, while the other sex explores the environment searching for these signals (Hammerstein & Parker 1987 , Bradbury & Vehrencamp 1998 . Hence, we will assume that females signal but remain motionless, with males searching for these signals. Baird & Jumper (1995) did not attempt to estimate the maximum detection range parameter R, but rather used a range from 1 to 10 m. Since then, Warrant (2000) has published a simple model based on the physics of light detection, developed to give estimates of the distance at which the eyes of deep-sea fish could detect bioluminescent flashes. We will use this method to estimate appropriate values for this critical parameter. Baird & Jumper (1995) assume that if a male and female fish approach to within a distance less than R, then detection is certain. However, since bioluminescent signals are generally not constant but flash intermittently (Clark & Hubbard 1959) , it is possible that a male may pass within R of the female in the time between flashes, and so fail to detect her. Hence, our model will include an extra term to represent this possibility. This will require an entirely novel model of the flash rate of females to be developed; such a model is presented in the next section.
MODEL

A model of flash frequency
For simplicity, we assume that males change direction sufficiently infrequently that we can consider their trajectories when passing close to the female to be a simple straight line. We are interested in the intersection of this trajectory with the detection zone around the female within which the male can detect flashes by the female. Again for simplicity, we will assume that this zone is a sphere centred on the female with a radius defined by the maximum distance at which the male can detect the female's flashes R. This very simple geometry assumes the female's signal radiates equally well in all directions, and the background against which it is viewed is also the same from all directions. Further, this assumption implicitly assumes that the interaction takes place in very deep water where sunlight penetration is negligible. Since the male's trajectory will be unaffected by the female until he detects a signal (which can only happen in the detection zone), we assume that the trajectories of males are orientated randomly with respect to the female and her detection zone (that is, they form a randomly orientated chord of the spherical detection zone). It is our requirement for a simple analytic form for the distribution of such chord lengths that has required us to assume a spherical geometry; the consequences of this assumption will be considered further in 'Discussion'. Let us assume that the female flashes at constant intervals with period T between flashes. It is easy to see that such even spacing is the most effective way for the female to space her flashes so as to minimise the risk of males failing to detect her. A male travelling at speed v will travel a distance vT between flashes. Hence, trajectories within the detection zone of length L greater than vT guarantee detection.
Let us now consider the case where L < vT. If we imagine that the female flashes at time zero, if the male enters immediately afterwards, then he will travel through the detection zone and out again before the female flashes again. This is true for all entry times in the range (0, T -[L/v]), whereas, for all entry times in the range (T -[L/v], T ), the male is still in the detection zone when the female next flashes. We can make a similar argument for entry points between any 2 flashes in the female's sequence. We assume that the male will enter at a time that is entirely at random with respect to the female's sequence; thus, the probability of the male detecting the female is simply given by the fraction of possible entry times that lead to detection. From our arguments above, this is simply L/(vT ). Thus, the probability of a trajectory of length L leading to detection P(L) is given by:
(1) Jokisch et al. (2001) give an expression for the frequency distribution of randomly orientated chords across a sphere:
(2) The probability A of a female attracting a male that enters her zone of detection is given by:
since the maximum chord length across any sphere is simply twice the radius. If 2R < vT, then no chords through the sphere are large enough to guarantee detection, and so (using Eqs. 1 & 2), we can evaluate Eq. (3) to give:
For the case where 2R ≥ vT, integration is slightly more involved (but still straightforward) and yields the expression: (5) It is trivial to show that both Eqs. (4) & (5) give the same value (2/3) in the boundary case where 2R = vT. We now use Eqs. (4) & (5) to explore how the probability A that a male passing through the female's detection zone actually detects the female, varies as a function of the values of parameters v, T and R. R is the maximum distance at which males can detect females' flashes. This can be estimated from the model of Warrant (2000): (6) where N is the minimum number of photons required to enter the eye in order to facilitate detection, E is the number of photons produced by a flash, D is the diameter of the pupil of the eye and α is the beam attenuation coefficient of the water. Warrant suggests the following values N = 5, E = 10 10 and α = 0.05 m -1
. These values seem reasonable: Mesenger & Case (1990) artificially stimulated flashes in specimens of 15 species of deep-sea fish and measured peak flash intensities of 5 × 10 9 to 9 × 10 11 photons s -1
, and flash durations ranging from 0.2 to 4 s, suggesting that E values around 10 10 seem appropriate (although in situ measurement of naturally occurring flashes would be very welcome). The parameter α is relatively well-known and (although it varies with wavelength and properties of the water) 0.05 m -1 is a very typical value (e.g. Denton 1990 , Johnsen et al. 2004 . Assuming a high contrast of 50% (i.e. that the background is very dark), then N = 5 fits with our understanding of the Rose-de Vries law of signal detection (Land & Nilsson 2002) . As an example fish, we take the mesopelagic hatchetfish Sternoptyx diaphana, considered in the model of Baird & Jumper (1995) ; it has a standard length of 30 mm and a pupil diameter D of 2 mm. We consider this species for reasons of commonality with previous work, rather than because we consider it particularly representative or . Before presenting the full model of encounter rates between males and females, we will explore the behaviour of this submodel.
For these default values, we find (using Eq. 6) that the radius of detection R is 15 m. In comparison to this radius, even the high estimate of the male's travel speed is quite sedate, and so if the female flashes every 5 min, the probability of a male entering the female's detection zone and detecting one of her flashes (calculated using Eqs. 4 to 6) is high (always > 85% for the range of speeds considered; see Fig. 1a ). Even if the flash rate dropped to once every 30 min (1800 s), the probability of detection is still relatively high providing the male's travel speed is below 2 cm s -1 . This suggests that the female could afford to send out a rather less powerful signal. If we decrease E by a factor of 10 to 10 9 , then R drops to 6.1 m. This smaller R value reduces the average time it will take the male to swim through the detection zone. However, required flash rates for effective detection are still relatively modest, with a flash rate of once every 100 s still giving a success rate > 90% over all considered swimming speeds (see Fig. 1b) .
We might imagine that flashing is energetically expensive for the females, and that there is a trade-off between flashing brightly (which would require a low flash rate to give a high A value) or flashing more dimly (but compensating by flashing more frequently). We now explore this quantitatively. The majority of bioluminescent emission spectral maxima are in the light region ranging from 450 to 530 nm (Herring 1983) . A photon of 500 nm wavelength has an energy content of 4 × 10 -19 J. However, production of bioluminescent light is likely to be less than 100% efficient. It has been suggested that 6 molecules of ATP are required to generate a bioluminescent photon (Hastings & Nealson 1981 , Nunes-Halldorson & Duran 2003 . If 80 000 J are required to form 1 mol of ATP (Alexander 1999) , this suggests that production of a bioluminescent photon costs 8 × 10 -19 J. Taking this latter figure, the power P required to produce E photons every T seconds is given by:
If we substitute our brightest flash E = 10 10 and a rapid flash rate (equivalent say to T = 1 s), this gives P = 8 × 10 -9 W. The wet weight of a 30 mm Sternoptyx diaphana is likely to be of the order of 4 g (Howell & Krueger 1987 , Mensinger & Case 1997 . Torres et al. (1979) . Using the conversion 1 ml O 2 = 19.4 J from Drazen (2002) , this gives a metabolic rate of the order of 0.002 W. If the metabolic rate of S. diaphana is similar to this, then our calculations above suggest that the energetic cost of bioluminescent signalling may be trivial. It is likely that a more substantial cost of flashing for females lies in alerting predatory fish to their presence. Again, we can use the model to explore the likely design consequences of this.
We can expect predators in general to be larger and have larger eyes than male conspecifics of the signalling females. Tunas are known predators of Sternoptyx diaphana (Kornilova 1990 ). If we take 1.5 m as the characteristic length of a tuna, then , 50 times the expected searching speed of Sternoptyx males. This fast speed should increase the likelihood of the predatory tuna failing to detect a female because it passes through the detection zone between flashes. However, this effect will be counteracted to some extent by the detection zone being bigger for predators than conspecific males because eye size will be larger in the predators. However, eye size increases relatively slowly with increasing size in fish (Howland et al. 2004 ) and a 1.5 m long tuna has a pupil diameter of around 2 cm (Nelson et al. 2001) . Thus, the D value for our notional predator is only 10 times that of the conspecific males. Hence, providing the flash rate is low (i.e. T is high), we can have the situation illustrated in Fig ]) are relatively likely to pass through the detection zone between flashes. This should lead to another evolutionary pressure for low flash rates by females. However, in order for females to minimise their predation risk, the key is likely to lie in minimising the time over which the signal is employed, as well as specific aspects of the signal design. To study this, we must turn to the full model of searching males.
A full model of the probability of mate finding within a specified time
We assume that at some point (which we label time t = 0), a female begins bioluminescent signalling. We assume that sexually mature males exist at a density ρ, and they move at average speed v, randomly searching for a signalling female. We assume that females are sufficiently rare that over the temporal and spatial scales of interest no significant depletion of males occurs due to pairing with females other than our focal individual, and so ρ is a simple constant. The rate Z at which males come within distance R (given by Eq. 6) of our focal species is given simply by the rate at which the detection tubes sweep out new volume of the environment (e.g. Gerritsen & Strickler 1977 , Baird & Jumper 1995 : (8) This formulation assumes that the male avoids researching previously explored parts of the environment, which can be best achieved by having a low turning rate. However, only a fraction A of encounters (given by either Eq. 4 or 5) leads to detection of the female, so the probability of at least 1 male discovering the female by some time t after the commencement of signalling is given by: (9) or alternatively, the time τ, required to obtain a fixed probability of detection P*, is given by:
(10) Again, we require estimates for a number of parameters. Baird & Jumper (1995) ) for the density of adult males (ρ) in the species Sternoptyx diaphana, possibly dropping as low as 0.05 ind. 10 6 m -3 for some other species. By nothing more than convention, we will fix P* at a 95% probability. Fig. 3 gives τ as a function of the density of adult males parameterised for S. diaphana, suggesting that for the estimated population densities, a female would need to signal for between 2 and 4 h in order to be 95% certain of attracting at least 1 male. In order to explore the generality of this prediction, we must first consider how the population density values used in Fig. 3 relate to the estimated average nearest neighbour distances used by Herring (2000) . Herring (2000) used an equation derived by Mackie & Mills (1983) , which uses arguments based on the close packing of spheres, to give the following relation between population density (ρ) and nearest neighbour distance D NN : ), then this translates into a D NN value of 39 m. This is close to double the largest value quoted by Herring (2000) . Thus, our model predicts that for the range of average nearest neighbour distances considered by Herring (2000) , a female is highly likely to obtain a mate within 2 h of beginning bioluminescent signalling. However, to explore this further, we will now explore how the predictions of Fig. 3 are influenced by variation in parameter values. Fig. 4a illustrates that for the relatively slow swimming speed used in our model, the probability of passing through the detection zone without detecting the female is low, and so the predictions of the model are relatively insensitive to the period of the signal (T ). Fig. 4b demonstrates a similar lack of sensitivity to change in swimming speed. This is not surprising as although increasing swimming speed increases the frequency with which a male encounters detection zones, it also increases the probability that he will pass through it before the female flashes a signal. In fact, this second effect is slightly stronger, so detection times increase slightly with increasing searching speed. In contrast, Fig. 4c shows that small increases in eye diameter greatly reduce discovery times. This occurs because an increase in D leads to an increase in R, which both hastens the discovery of a given female's detection zone and decreases the likelihood of passing through the detection zone without detecting a flash. Similar reasoning explains why increasing the intensity of the signals (E ), decreasing the number of photons required for detection (N ) or decreasing the beam attenuation coefficient of water (α) all have a substantial effect in reducing detection times (Fig. 4d -f) .
Lastly, we could consider male strategies to minimise energy investment rather than minimising time. There are a number of published relations for the cost of transport for swimming fish C (based either on theoretical arguments or on empirical measurements over a range of species), of which perhaps the most commonly cited one is that of Ware (1978) : (12) where C is in Watts, M is the mass in kg and v is the speed in m s -1
. For a 60 mm long Sternoptyx diaphana, we use the same weight wet estimate as before, 4 g. The average time to find a female is simply (ZA) -1 ; thus, the average amount of work done to find a female (W ) is given by:
(13) Fig. 5 shows that because C increases so steeply with increasing speed, the reduced time over which this cost is paid for a faster-moving male does not compensate for the increased power required, and the total energetic cost of finding a female always increases with swimming speed.
DISCUSSION
The key conclusion of this paper is that the combination of bioluminescent signalling and realistic levels of male mobility should allow mate finding within a small number of hours of a female beginning to signal. Hence, mate finding may not seriously restrict reproductive success in species that can exploit this signalling system. A female can select the time and place most advantageous for egg release then start egg hydration, confident of obtaining a male within a small number of hours of beginning to signal. Such confidence is essential, since egg hydration is generally an irreversible process, and eggs are either lost or absorbed if spawning does not take place immediately afterwards. Hydration times are generally of the order of 6 to 12 h (e.g. Clarke 1987) .
In one respect, our model is likely to underestimate detection times; this stems from the assumption of a spherical detection zone. This assumption was necessary to preserve any analytic tractability, as the frequency distribution of chord lengths can only be expressed in a simple closed form (like Eq. 2) for a small number of very simple shapes. However, this
. . assumption requires not only that the background is isotropic, but that the light emitted by the female is also. It further assumes that the male can see equally well in all directions. All these requirements are open to challenge. An isotropic background can only be justified in water sufficiently deep that daylight penetration is negligible. Photophores that act to provide crypsis through counter-illumination are likely to provide a highly directional beam, directed downwards parallel to daylight; in contrast, we would expect photophores designed for the type of signalling envisaged in this paper to be evolved to produce a spatially widespread signal. Likewise, we would expect such signalling to influence the evolution of eye design in males to produce as wide a field of vision as possible; detection of predators should produce a similar selection pressure. Notice here that we require the male only to detect light, not the more challenging task of resolving a sharp image. However, for both signal emission and detection, the physical structure of fish is likely to make our assumption of perfect isotropy only an approximation to reality. Although we feel that it may well be a relatively good approximation, it is likely to lead to underestimation of encounter times. However, this concern should be balanced against the likelihood that our estimation of maximum detection distance (R) is very conservative. A more recent formulation of our Eq. (6) suggests that the value for N may in actuality be much lower than we assumed, and hence R may be several times larger than we have assumed (Warrant & Locket 2004 ). Since the rate at which the male enters female's detection zones varies with R 2 and the likelihood of such entrances leading to flash detection also increases with R, a substantial increase in R could very significantly reduce our predicted detection times. However, there is a pressing need for empirical measurement of naturally occurring flashes and organisms' reactions to nearby flashes before these issues can be fully resolved. The frequency with which an individual fish produces bioluminescent flashes has been very infrequently reported, even for shallow-water fish (but see Mensinger 1995) . However, our simulations make the prediction that we expect flash rates used by deep-sea fish in mate finding to be much lower than the several times a second reported for fireflies and for shallowwater species using bioluminescence for prey finding. Since the extra predation risk and extra energetic expense of flashing more frequently than once every few minutes brings very little improvement in encounter rates, 1 clear prediction from our model is that such slow signalling rates are likely to be a hallmark of bioluminescent mate attraction in the deep sea. This prediction invites empirical investigation. Of these 2 factors (predators and energy), we expect predation to be the dominant factor influencing flashing behaviour, since our calculations suggest that the energy required to produce bioluminescent flashes for mate attraction is relatively trivial, even for organisms with the low metabolisms typical of deep-sea fishes. We also predict that flash rates should increase if males swim significantly faster than considered here. This is highly unlikely on energetic grounds, except perhaps for fish substantially larger than those considered in this study. More plausible is that flash rates will be higher if R is reduced significantly from the values considered here. This would occur if the water had a high particle load (increasing the absorption of light, modelled by an increase in α), if there is significant background light emanating from other bioluminescent organisms (increasing N ), if the males have particularly small eyes (decreasing D), or if the females have weak bioluminescent signals (decreasing E ).
Our model only deals with the time taken by a male to detect a bioluminescent flash by a female. It is important to remember that the male must then identify the female as being of the same species and then find his way to the female; neither of these is a trivial exercise. We might speculate that both of these processes might be facilitated by the male responding to his initial detection of a flash by bioluminescent signalling himself, with a view to initiating a signalling dialogue between the 2 fish (analogous to those observed in fireflies: e.g. Lloyd 1977 ) in order to aid species identification and precise localisation of the female. We would expect this dialogue to feature higher flash rates by the female (aiding localisation) and species-specific flash patterns (aiding species recognition). A key component of our model is the estimation of the distance at which bioluminescent signals can be detected, based on the physical arguments of Warrant (2000) . Although the values obtained using Warrant's equation are similar those estimated in previous works (such as those of Jumper 1995 and Herring 2000) , they are slightly higher. As Baird & Jumper (1995) discussed at length, the predictions of models such as that presented here are highly sensitive to changes in the value of this parameter. Hence, there is mounting need for us to overcome the challenges associated with testing this component of the model empirically.
Another novel set of predictions generated by the model relates to the searching speed of the males. Although increasing searching speed increases the rate at which males encounter the detection zones around females, it also increases their risk of passing through such a zone without detecting a female. Hence, the time taken to find a female decreases relatively slowly with increasing search speed. However the power required to swim increases very rapidly with increasing speeds. Hence, from an energetic point of view, more total energy would be required to find a female if the searching is carried out at high speed. Hence, from a purely energetic point of view, we would expect males to move relatively sedately (less than 1 body-length s -1 ) when searching for mating opportunities.
Consider now the effectiveness of chemical and light signals for mate attraction in deep-sea fish. As Herring (2000) and others have argued, in terms of distance over which the signal can be detected, chemical communication has an advantage. Jumper & Baird (1991) provide a simulation model for mate finding through olfaction in deep-sea fish. When parameterised for a specific species of deep-sea hatchetfish, the model predicted that a single pulse of pheromone release could be detected to a maximum range of 100 m. Hence, chemical signals can give an order of magnitude improvement in detection distance over light signals, and would certainly be required for fish that live at low densities and which are relatively immobile. However, notice that this detection range advantage need not translate into reduced time for a female to obtain a male. Although males were relatively similar in Jumper & Baird's (1991) ), they did not find females dramatically quicker, with Jumper & Baird (1991) reporting that 'in less than 2 hrs, the probability of detection reached 90%'. The reason for this is that although a chemical signal can travel greater distances than light signals, they take appreciable time to do so. It required 9 h for the chemical signal to reach the maximum distance of 100 m in the simulation results of Jumper & Baird (1991) .
One advantage of a light-based signal is that the female can instantaneously desist from signalling and so greatly reduce the ability of other males of her own species and predators to detect her. In contrast, a female cannot destroy a chemical signal once she has emitted it, rather the signal is finally degraded by chemical and physical processes beyond the female's control. This is relevant in a number of contexts. Having found a male with which she is happy to mate, a female signalling with light can immediately cease signalling, reducing the predation risk to the pair and the risk of being harassed by other males. In order to achieve the same effect, a chemically signalling female and her chosen male must travel away from her original position, such that although the signal remains it no longer provides accurate information about the female's location. Although this movement brings benefits to the mated pair, it has the unattractive sideeffect that males will waste time following olfactory signals only to find no female at the end of their search. This is bad for females that are signalling but have yet to obtain a mate, as well as for males, since it reduces the effective density of males searching freely if a significant fraction of them are investing time and energy in following outdated signals.
A similar advantage to light signalling can be seen in an anti-predatory context. If a female detects a predator nearby (or some other change in her perceived predation risk), then she can instantaneously desist from signalling and so immediately reduce her predation risk. A chemical signaller does not have this option; its only option to reduce the predation risk from its signal is to flee the scene. However, this movement may make it more easy for predators to detect. Further, beginning signalling again from a new location incurs a significant time penalty for a chemically signalling female because of the significant time taken for the chemicals to spread out in the water. No such penalty exists for light signallers. Hence, these arguments suggest that where male motility allows bioluminescent signalling, this may have some advantages over chemical-based signalling. These advantages are particularly likely to be important where females need to retain flexibility of movement (say for anti-predatory reasons), where perceived predation risk can change over short timescales or where harassment of mating pairs by satellite males could be significant.
We emphasise again that bioluminescent and chemical signalling are not mutually exclusive. Chemical signals can be detected at much longer ranges that bioluminescent ones. However, if the male detected the chemical signal released by the female at a considerable distance from her, then following that chemical signal back to find the female's location might be very challenging. This challenge occurs because, as the chemical spreads out spatial gradients in chemical intensity that would otherwise give directional information become more diffuse and so harder to detect. Further, measurement of spatial gradients becomes more difficult since smooth gradients become increasingly disrupted by small-scale eddies caused by bulk water movement during the spreading of the chemical signal (see Baird et al. 1996) . Hence, one plausible scenario is that chemical signals can act to alert males to the presence of a receptive female without giving good information about her exact whereabouts. This could still be a valuable signal for otherwise quiescent males that can react to this by increasing their movement rates so as to increase their chance of coming closer to the signalling female, where final location could occur by shorter-range detection methods (such as the bioluminescence discussed here). However, if males actively move about their environment, then no such biochemical trigger to activity is required, and here we have demonstrated that bioluminescent signalling alone could be highly effective in facilitating mate finding in a small number of hours for such species.
